Monocyte chemoattractant protein-1 (MCP-1) is a chemotactic cytokine that can bind to its receptor cysteine-cysteine chemokine receptor 2 (CCR2) and plays an important role in breast cancer cell metastasis. However, the molecular mechanisms underlying MCP-1-induced alterations in cellular functions during tumor progression are poorly understood. Here, we showed that MCP-1 stimulated the epithelial-mesenchymal transition (EMT) and induced the tumorigenesis of breast cancer cells by downregulating E-cadherin, upregulating vimentin and fibronectin, activating matrix metallopeptidase-2 (MMP-2), and promoting migration and invasion. Moreover, MCP-1 treatment reduced glycogen synthase kinase-3β (GSK-3β) activity via the MEK/ERK-mediated phosphorylation of serine-9 in MCF-7 cells. The inhibition of MEK/ERK by U0126 attenuated the MCP-1-induced phosphorylation of GSK-3β and decreased the expression of Snail, an EMT-related transcription factor, leading to the inhibition of MCF-7 cell migration and invasion. Inactivation of GSK-3β by LiCl (lithium chloride) treatment notably increased MMP-2 activity, vascular endothelial growth factor expression and EMT of MCF-7 cells. These findings revealed that MCP-1-induced EMT and migration are mediated by the ERK/GSK-3β/Snail pathway, and identified a potential novel target for therapeutic intervention in breast cancer. Cellular & Molecular Immunology
INTRODUCTION
Monocyte chemoattractant protein-1 (MCP-1/CCL2) belongs to the cysteine-cysteine chemokine family 1 and has been shown to play a critical role in modulating inflammation, 1,2 regulating monocyte/macrophage trafficking during wound healing, 3 infections, 4 autoimmune diseases, 5 and cancer. 6, 7 Chemokines and their receptors are involved in a wide range of normal physiological and pathological activities that impact cancer. [7] [8] [9] [10] Therefore, it is possible that they may have important effects on the regulation of carcinoma progression. Increased macrophage infiltration and macrophage-regulated angiogenesis associated with increased MCP-1 and vascular endothelial growth factor (VEGF) levels have been observed in breast cancer cells. 11 In addition, both MCP-1 and VEGF expression levels have been positively correlated with tumor-associated macrophage infiltration, angiogenesis and poor prognosis in breast carcinoma patients. 12 Interactions between tumor cells and macrophages increased MCP-1 expression and macrophage chemotactic activity, and an MCP-1 neutralizing antibody was able to reduce macrophage infiltration, angiogenesis and tumor growth in nude mice harboring human breast tumor xenografts. 6 The epithelial-mesenchymal transition (EMT) is a complex process involved in tumor invasion and metastasis that is regulated by a variety of factors. There are reports that MCP-1 was involved in the EMT of peritoneal mesothelial cells, 13 head and neck squamous cell carcinomas 7, 10 and early mammary carcinomas. Therefore, we speculate that MCP-1 may be a modulator of breast cancer cell EMT. EMT is a highly regulated process that is characterized by the loss of epithelial cell polarity and cell-cell adhesion and the acquisition of migratory and invasive properties. During this transition, cells lose expression of epithelial makers such as E-cadherin and acquire expression of mesenchymal proteins, including vimentin and fibronectin. At the molecular level, members of the basic helix-loop-helix family such as Snail can reduce E-cadherin gene expression through transcriptional suppression. Together with Snail, GSK-3β functions as a molecular switch for a number of signaling pathways that facilitate EMT. GSK-3β was initially identified as a key protein kinase involved in glycogen metabolism but is now known to modulate various biological events, including cellular proliferation, 14 differentiation, 15 migration, 16 glucose regulation 17 and apoptosis. 18 GSK-3β is highly activated in carcinomas and is known to inhibit tumor migration and invasion and to maintain the epithelial morphology of tumor cells, as GSK-3β inhibition led to the acquisition of the mesenchymal phenotype. 19 New evidence indicates that GSK-3β is able to maintain the epithelial phenotype by binding to transcription factors such as Snail 20 and Slug 21 to facilitate their ubiquitylation and degradation. In addition, the activation of GSK-3β can be potently regulated by MAPK (mitogen-activated protein kinase)-dependent phosphorylation. 22 Devipriya et al. found that radiation could induce the MEK/ERKmediated inactivation of GSK-3β, which led to the activation of Snail and EMT in lung carcinoma epithelial cells. 23 Here, our study showed that MCP-1 could induce mesenchymal-like morphological changes in MCF-7 cells. We further explored the molecular mechanisms of MCP-1-driven EMT by evaluating the effects of MCP-1 on the migration and invasion of MCF-7 cells in vitro and on downstream signal transduction pathways. We found that MCP-1 promoted GSK-3β phosphorylation, upregulated the expression of the zinc finger transcription factor Snail, and increased the migration and invasion of MCF-7 cells via post-transcriptional mechanisms. Our data demonstrated that the MCP-1-induced EMT of MCF-7 cells was mediated by the ERK/GSK-3β/Snail signaling pathway.
MATERIALS AND METHODS

Cell culture and treatment
The MCF-7 cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). MCF-7 cells were cultured in Roswell Park Memorial Institute 1640 (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% antibiotic-antimycotic reagent (Gibco) at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. After culture in 12-or 24-well plates overnight, the cells were incubated for a period of time as indicated with one of the following treatments: 50 ng/ml of MCP-1 (PeproTech, Rocky Hill, CT, USA); 20 μM of the CCR2 receptor antagonist RS102895 (Santa Cruz Biotech, Santa Cruz, CA, USA); 30 μM of the MEK1/2 inhibitor U0126 (Sigma, Carlsbad, CA, USA); 40 μM of the GSK-3β inhibitor lithium chloride (LiCl; Sigma); or 10 μM of the PI3K inhibitor LY294002 (Sigma). The cell numbers were counted with a hemocytometer.
Wound healing assay Using a previously described method, 24 1.5 × 10 5 MCF-7 cells were seeded into 24-well plates. After the cells were pretreated with RS102895 for 1 h, wounds were generated by scratching with a pipette tip. The culture medium was removed by aspiration, displaced cells were removed with phosphate buffered saline (PBS), and MCP-1 (50 ng/ml) was added to the medium. Photos were taken at 0, 24 and 48 h. The wound area was measured by ImageJ software (NIH, Bethesda, MD, USA), more than five random fields were selected, and the mean value per field was calculated.
Cell invasion assay As previously described, 25 MCF-7 cells were trypsinized and resuspended in culture medium containing 2% FBS. A total 1 × 10 5 cells that were pretreated with RS102895, U0126, LiCl or LY294002 were seeded into the Matrigel (BD Biosciences, San Diego, CA, USA)-coated transwell upper chambers (pore size of 8.0 μm), and medium containing 10% FBS was added to the lower chamber. After 36 h of incubation, the cells on the upper surface of the transwell were wiped away with cotton swabs, and the invaded cells on the other side of the transwell were fixed with 4% formaldehyde and stained with crystal violet. The transmigrated cells were counted in three random microscopic fields.
Western blot analysis Cells were lysed with RIPA Lysis Buffer (Beyotime, Jiangsu, China). Protein concentrations were assessed using a DC Protein Assay (Bio-Rad, Benicia, CA, USA). Ten micrograms of protein was electrophoresed by 10% sodium dodecyl sulfate-PAGE and transferred onto polyvinylidene fluoride membranes. After blocking with tris-buffered saline containing 5% non-fat dry milk and 0.05% Tween-20 at room temperature for 1 h, the membranes were incubated overnight at 4°C with the following primary antibodies: E-cadherin, vimentin, fibronectin, Snail (Santa Cruz Biotech), GSK-3β, p44/42 MAPK, Phospho-p44/42 MAPK, ERK, phospho-ERK and β-actin (Santa Cruz Biotech). After being washed to remove any non-bound primary antibodies, the membranes were then incubated with corresponding secondary antibodies at 37°C for 1 h. The immunoreactive bands were developed using Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA, USA), and the results were analyzed using Quantity One software (Bio-Rad).
Immunofluorescence
After treatment with various reagents, MCF-7 cells were fixed with 4% formaldehyde for 15 min at 25°C, permeabilized with 0.4% Triton X-100 for 15 min and then blocked with 1% bovine serum albumin (Sigma) for 1 h. The fixed cells were incubated overnight at 4°C with primary antibodies at 1:50 dilutions, washed three times with PBS and incubated with secondary antibodies for 1 h at 37°C. The cells were counter-stained with 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI). Images were captured with a Nikon eclipse E600 microscope.
Cell elliptical factor assay
The elliptical factor (EF), which is defined as the ratio of length axis to breadth axis of a cell, was calculated to quantify the morphological changes of MCF-7 cells. 26 After treatment with MCP-1 or RS102895, images of MCF-7 cells were acquired. The EF values of the cells were then analyzed using ImageJ software (NIH). The cells with an EF 42 were considered to exhibit a polarized morphology.
Phalloidin staining
Phalloidin was used to label F-actin to indicate cytoskeletal changes as previously described. 27 After treatment with MCP-1 or RS102895, the cells were fixed and stained with 5 μg/ml of a fluorescent phalloidin conjugate solution (Sigma) for 40 min at 37°C. The unbound phalloidin was then removed with PBS.
Photos were acquired using a confocal laser scanning microscope (Nikon A1, Tokyo, Japan).
Real-time PCR
After various treatments, total cellular RNA was extracted using a RNAiso Plus kit (Takara, Shiga, Japan) and reverse transcribed using a PrimeScript RT reagent kit (Takara). Cellular gene expression levels were analyzed using a SYBR Premix Ex Taq II kit (Takara) on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The cycling conditions were 95°C for 30 s followed by 40 cycles of 95°C for 5 s and 60°C for 20 s. Gene expression was normalized to β-actin levels and calculated using the 2 − ΔΔCt method. The data are presented as fold-changes. The following sets of primers were used in the PCR amplifications: β-actin (forward, 5′-GGCATCCTCACCCTGAAGTA-3′; reverse, 5′-GG GGTGTTGAAGGTCTCAAA-3′), matrix metallopeptidase-2 (MMP-2; forward, 5′-TTGATGGCATCGCTCAGATC-3′; reverse, 5′-TGTCACGTGGCGTCACAGT-3′), MMP-9 (forward, 5′-TGA CAGCGACAAGAAGTGG-3′; reverse, 5′-CAGTGAAGCGGT ACATAGG-3′), and Snail (forward, 5′-TGCCCTCAAGATGCA CATCCGA-3′; reverse, 5′-GGGACAGGAGAAGGGCTTCTC-3′).
Gelatin zymography
The activities of MMP-2 and MMP-9 (gelatinases) in MCF-7 cells were assessed by gelatin zymography. Cells (8 × 10 5 per ml) were seeded in sixwell plates and cultured overnight. PBS was used to wash the wells twice to remove remaining FBS. The cells were then treated with MCP-1, RS102895, U0126 or LiCl in FBS-free medium and incubated for 24 h again. The culture medium was collected and centrifuged at 1500 r.p.m. for 10 min. The supernatants were freeze-dried and subjected to gelatin zymography. The supernatants were resolved on 10% sodium dodecyl sulfate-PAGE polymerized with 0.1% gelatin. After electrophoresis, the gels were washed twice with 2.5% Triton X-100 (Sigma) for 40 min and incubated in a development buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM CaCl 2 ) for 42 h at room temperature. The gels were then stained with 0.25% Coomassie blue R-250 (Sigma) for 3 h and destained with 10% acetic acid in 5% ethanol until clear zones were evident. The activity of MMP-2 was represented by the clear zones and captured by a gel imaging system. The clear zones were then quantified using ImageJ (NIH).
Statistical analysis
The data were obtained from three independent experiments, analyzed using SPSS 16.0 software (IBM, Armonk, NY, USA) and expressed as the mean ± s.e.m. One-way ANOVA was used to compare data among experimental groups, and the differences between groups were further evaluated by the least significant difference test. The data were considered statistically significant at Po0.05.
RESULTS AND DISCUSSION
MCP-1 stimulated the cellular transformation of MCF-7 cells
To test whether stimulation with MCP-1 has an effect on the EMT progression of breast cancer cells, we treated MCF-7 cells with MCP-1 (50 ng/ml) or not for 0 to 48 h. MCF-7 cells lost their cell-cell contacts and their typical epithelial cell morphology and began to acquire the elongated and spindle-shaped, mesenchymal phenotype after 24 h of MCP-1 treatment, whereas the MCF-7 cells in the control group showed no morphological changes ( Figure 1a ). Because the morphological changes were more obvious after 48 h of culture with MCP-1, the EMT-related markers were analyzed at 48 h. In the western blot analysis, the protein levels of the mesenchymal markers fibronectin and vimentin were clearly increased in response to MCP-1 stimulation, whereas the levels of the epithelial cell marker E-cadherin were decreased (Figure 1b) . The immunofluorescence data further confirmed the notable upregulation of fibronectin and vimentin and downregulation of E-cadherin in the MCP-1-treated MCF-7 cells (Figure 1c) . These results showed that MCP-1 plays an important role in the promotion of EMT in MCF-7 cells.
MCP-1 enhanced the migration and invasion of MCF-7 cells
As MCP-1 regulates tumor progression through the MCP-1/ CCR2 axis, we next explored the contribution of MCP-1/CCR2 signaling by evaluating the cellular response to RS102895, a small-molecule antagonist of CCR2. To determine whether blocking of MCP-1/CCR2 signaling had an effect on the migration and invasion of MCF-7 cells, wound healing and transwell invasion assays were performed. The cells treated with MCP-1 were more migratory, whereas those treated with RS102895 (20 μM) displayed limited motility (Figures 2a and b) . RS102895 treatment for 24 h also significantly inhibited MCP-1-induced cell invasion (Figures 2c and d) .
Importantly, the MCP-1-stimulated spindle-like mesenchymal transformation was also blocked by RS102895 treatment (Figure 3a) . The cell morphological changes were further detected by a cell elliptical factor assay. The results showed that both the cell elliptical factor and the number of cells with an elliptical factor 42 increased significantly after MCP-1 treatment, whereas treatment with both MCP-1 and RS102895 decreased the cell elliptical factor and the number of cells with an elliptical factor 42 (Figures 3b and c) . Furthermore, cytoskeletal rearrangement and stress fiber formation were detected using TRITC-phalloidin staining. After treatment with MCP-1 for 24 h, the cells were characterized by a typical fibroblast-like phenotype with actin filaments bundled into thick contractile stress fibers. However, the cells treated with both RS102895 and MCP-1 exhibited high levels of cortical actin that were similar to the control cells (Figure 3d ). These data demonstrated that MCP-1 triggered the malignant phenotype of MCF-7 cells through the MCP-1/CCR2 axis and promoted cell motility and invasion in vitro.
Snail-mediated EMT changes of MCF-7 cells were mediated by the MEK/ERK and GSK-3β pathways The changes in gene expression that lead to the suppression of the epithelial phenotype and the promotion of the mesenchymal phenotype can be driven by transcription factors such as Snail, Twist and the zinc finger E-box-binding protein Zeb. In this study, we detected changes in the messenger RNA (mRNA) and protein levels of Snail, which showed a rapid increase with MCP-1 treatment. Snail expression was significantly increased after 2 h of treatment with MCP-1, with no apparent changes in mRNA levels (Figure 4a ). This might be a result of a critical
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post-translational regulation of MCP-1. After treatment with MCP-1 or RS102895 for 48 h, the nuclear localization of Snail was also assessed by immunofluorescence. A significant upregulation in the nuclear translocation of Snail was observed upon MCP-1 treatment, which was blocked by RS102895 (Figure 4b ). These data demonstrate that MCP-1 could not only induce Snail protein expression but also upregulate its nuclear translocation during EMT.
During EMT, numerous pathways such as PI3K/AKT, ERK/ MAPK, p38 MAPK and Jun N-terminal kinase (JNK) may be activated. It is known that a cooperation between the ERK pathway and TGF-β-induced Smad signaling determines the final cellular response to TGF-β during EMT. 28 Therefore, we determined whether the ERK pathway is involved in MCP-1-mediated EMT in MCF-7 cells. MCP-1 stimulation markedly increased the levels of phospho-ERK in a time-dependent manner (Figure 5a ). These results suggested that there was a cross talk between MCP-1 and MAPK/ERK signaling during EMT.
Moreover, Snail can be negatively regulated by GSK-3β, 20 a downstream target kinase of the PI3K/AKT pathway. GSK-3β maintains its activation in epithelial cells and stimulates the nuclear export and cytoplasmic degradation of Snail. We investigated the phosphorylation levels of GSK-3β after MCP-1 or RS102895 treatment to evaluate whether GSK-3β is involved in the MCP-1-induced activation of Snail. The levels of p-ERK, p-GSK-3β and Snail increased after MCP-1 treatment for 1 h, and these effects were reversed upon treatment with RS102895 (Figure 5b ). RS102895 treatment blocked the upregulation of the mesenchymal markers that were stimulated by MCP-1 and increased the protein level of E-cadherin (Figure 5c ). These results indicated that the upregulation of Snail may be due to the activation of ERK signaling and the inhibition of the GSK-3β pathway. 
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ERK/GSK-3β/Snail signaling mediates the MCP-1-induced EMT of MCF-7 cells
We further investigated the relationship between the ERK pathway and MCP-1-induced Snail signaling. To assess whether ERK signaling was required for MCP-1-induced EMT, ERK signaling was blocked with the MEK1/2 inhibitor U0126 for 1 h. The activation of the ERK signaling pathway was detected by immunoblotting. It was found that phospho-ERK, phospho-GSK-3β and Snail protein levels increased after 48 h of MCP-1 treatment; however, these increases were blocked by cotreatment with U0126 ( Figure 6a) . Similarly, the induction of the mesenchymal markers fibronectin and vimentin and the repression of the epithelial marker E-cadherin by MCP-1 were reversed in response to U0126 treatment (Figure 6b ). In addition, to evaluate the cellular phenotype and behaviors after U0126 treatment, cell morphology, migration, and adhesion were investigated. The MCP-1-stimulated spindle-like mesenchymal transformation was blocked with U0126 treatment (Figure 6c) . Moreover, the MCP-1-induced cell migratory and invasive abilities were also impeded by U0126 (Figures 6d and e) . To further evaluate the role of GSK-3β inactivation on MCP-1-induced EMT, MCF-7 cells were pretreated with LiCl, a GSK-3β inhibitor, for 1 h before being treated with MCP-1, and the levels of p-ERK, p-GSK-3β, Snail, and the epithelial or mesenchymal markers were determined. The inhibition of GSK-3β activity stimulated the expression of Snail and mesenchymal markers (fibronectin and vimentin) and repressed expression of the epithelial marker E-cadherin (Figures 7a and b) . The mesenchymal morphological changes were stimulated by MCP-1 or LiCl treatment (Figure 7c ). We further explored the EMT phenotype accompanied by increased migration and invasion of MCF-7 cells induced by the inhibition of GSK-3β. The results showed that the inhibition of GSK-3β with LiCl could also promote the migration and invasion of MCF-7 cells (Figures 7d and e) . A previous study showed that activation of the PI3K/Akt signaling pathway could inhibit the GSK-3β kinase in renal cell carcinoma cells. 29 To further investigate the underlying mechanisms involved in MCP-1-mediated EMT in MCF-7 cells, we tested whether MCP-1 affected the PI3K/Akt and GSK-3β signaling pathways. MCP-1 treatment activated Akt, which was accompanied by the inactivation of GSK-3β by phosphorylation of its serine-9 (Ser9) residue in MCF-7 cells (Figure 8a ). To further ascertain whether PI3K/Akt signaling was involved in MCP-1-mediated EMT, we examined the effect of LY294002, a PI3K inhibitor, on the activation of ERK, GSK-3β and Akt. We found that LY294002 pretreatment inhibited the MCP-1-induced phosphorylation of Akt, ERK and GSK-3β and reversed the 
MCP-1-induced the expression of MMPs and VEGF in MCF-7 cells
We further assessed the effects of the PI3K/Akt and GSK-3β pathways on MCP-1-mediated MMP-2 and MMP-9 expression and activity in MCF-7 cells. As shown in Figure 9 , MCP-1 and LiCl treatment significantly induced the mRNA transcription and the enzymatic activity of MMP-2. Notably, MCP-1 and LiCl treatment did not affect MMP-9 mRNA expression. However, the MCP-1 competitive inhibitor RS102895 or the ERK inhibitor U1026 suppressed the MCP-1-induced MMP-2/9 mRNA expression and MMP-2 activity. Moreover, MCP-1 and LiCl treatments significantly increased the secretion of VEGF, whereas the MCP-1 competitive inhibitor RS102895 and the MEK1/2 inhibitor U0126 both decreased the MCP-1-induced secretion of VEGF ( Figure 10 ).
DISCUSSION
Chemokines play a critical role in the selective recruitment of monocytes and the G-protein-coupled receptor-induced activation of chemotaxis. 30 MCP-1 is one of the key chemokines of the C-C chemokine family that regulate the migration and infiltration of macrophages. 31 In the present study, we have shown that the MCP-1-induced EMT of MCF-7 breast carcinoma cells is tightly correlated with accelerated wound healing and enhanced cell migration and invasion. We demonstrated that MCP-1-stimulated tumorigenic signaling with repressed expression of E-cadherin and upregulated expression of vimentin and fibronectin. Moreover, MCP-1 treatment inhibited GSK-3β activity through Ser9 phosphorylation mediated by the MEK/ERK pathway in MCF-7 cells. In addition, Snail, a critical transcription factor involved in the initiation and progression of cancer, was also upregulated and showed increased nuclear translocation. These findings revealed that MCP-1-induced EMT and cell migration is mediated by the ERK/GSK-3β/Snail pathway. MMPs play a key role in tumor growth and metastasis by inducing degradation of the extracellular matrix, alterations in cell-cell interactions, migration and angiogenesis. 32, 33 Here, we found that MCP-1-mediated morphological changes were accompanied by the upregulation and increased activity of MMP-2 and the secretion of VEGF in breast carcinoma cells. These data suggest a role for MCP-1 in regulating the malignant phenotype of breast cancer cells and indicate that MCP-1-induced EMT is a critical mechanism driving the malignancy of breast carcinoma.
EMT is characterized by the loss of epithelial characteristics and the acquisition of a mesenchymal phenotype including increased migratory and invasive properties. In general, the rebuilding of the actin cytoskeleton is a prerequisite for cancer cell motility and invasion. 34 To sustain dynamic cell elongation and directional motility, cells that undergo EMT are characterized by rearrangements in their actin cytoskeleton and the development of actin-rich membrane projections called lamellipodia, filopodia and invadopodia, which facilitate cell motility and invasion. Finally, cells undergoing EMT acquire increases in cell contractility and levels of actin stress fibers. In our study, these dynamic changes in actin rebuilding were also observed. In MCP-1-induced mesenchymal-like MCF-7 cells, actin filaments were bundled into thick stress fibers throughout the entire cell. Conversely, actin filaments were organized into cortical bundles on the surfaces of tumor cells of epithelial origins. Although cytoskeleton rearrangement is one of the mechanisms contributing to MCP-1-induced EMT, the molecular mechanisms of the dynamic control of F-actin during MCP-1-induced EMT remain to be elucidated.
The downregulation of E-cadherin is regarded as one of the critical molecular features involved in the loss of cell-cell adhesion driving cancer invasion and metastasis. 35 A decrease The cells were treated with or without MCP-1 (50 ng/ml) or RS for 48 h, fixed with 4% paraformaldehyde and processed for indirect immunofluorescence. Snail expression and localization were determined utilizing a Rhodamine-conjugated anti-mouse secondary antibody, and nuclei were stained using DAPI.
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S Li et al in or a complete loss of E-cadherin expression, mutation, or alternative mechanisms that interfere with the functioning of adherens junctions are observed in carcinoma cells. [36] [37] [38] [39] In our study, a decrease in E-cadherin protein and a cell morphological change from a cobblestone appearance to an elongated spindlelike shape with MCP-1 treatment of MCF-7 cells demonstrated a loss of epithelial cell phenotype. Fibronectin and vimentin are well known as markers of the mesenchymal phenotype. Our data indicated that the protein levels of fibronectin and vimentin were upregulated in MCF-7 cells after MCP-1 treatment, further evidence supporting the hypothesis that MCP-1 induces EMT in breast cancer cells. Snail, a prominent inducer of EMT, is a highly labile protein and a critical transcriptional regulator of E-cadherin, which can be modulated at both the transcriptional and post-transcriptional levels through a complex signaling network. 40 Upon binding to E-box sequences in the E-cadherin gene promoter region, Snail recruits various factors that regulate histone modifications, specifically methylation and acetylation at H3K4, H3K9 and H3K27, and eventually represses E-cadherin expression. [41] [42] [43] We observed a significant elevation in the protein level and nuclear translocation of Snail and a concomitant reduction in E-cadherin expression after MCP-1 treatment of MCF-7 cells. In addition to repressing epithelial-related genes, Snail also activated fibronectin, vimentin and MMP-2 expression, contributing to the mesenchymal phenotype. Multiple signaling pathways such as TGFβ-SMAD3, 44 Wnt-β-catenin 45 and Notch 46 cooperate in the initiation and 
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Cellular & Molecular Immunology progression of EMT and are known to stimulate Snail expression. 47 Post-translational modifications are critical regulatory mechanisms that control the localization, degradation and activity of Snail 48 and Slug. 49 The glycogen synthase kinase-3β (GSK-3β)-mediated phosphorylation of two Ser-rich motifs inactivates Snail. 20 The phosphorylation of these two Ser-rich motifs can increase the nuclear export of Snail and label Snail for ubiquitin-mediated degradation. 20 GSK-3β can be inactivated by phosphorylation of its serine or threonine residue, which can promote Snail stabilization and nuclear translocation and subsequent EMT induction. In the present study, western blot and immunofluorescence analyses showed that MCP-1 treatment enhanced the phosphorylation of GSK-3β (Ser9) and stimulated the nuclear translocation of Snail in MCF-7 cells.
Various pathways promote Snail activity by regulating GSK--3β-mediated phosphorylation. The Wnt and PI3K/Akt pathways inhibit Snail phosphorylation via the inactivation of GSK-3β. 50 Another report also demonstrated that nuclear factor-κB signaling could disrupt GSK-3β/Snail interactions. 51 These signaling pathways are presumed to facilitate the stability of Snail. ERK cascades are key signaling pathways involved in the regulation of multiple cellular processes, such as proliferation, 52 differentiation, 53 survival 54 and transformation. 55 The aberrant regulation of ERK signaling contributes to cancer and other human diseases. The deregulation of ERK is linked to many types of tumor phenotypes. Gong and colleagues reported that ERK could suppress GSK-3β activation, stimulate β-catenin signaling and induce cell migration in lipopolysaccharide-treated macrophages. 56 Additionally, radiation can also lead to the activation of MEK/ERK through the accumulation of reactive oxygen species and the resultant inactivation of GSK-3β, eventually leading to Snail nuclear retention and the promotion of mesenchymal phenotypic changes in lung carcinoma epithelial cells. 57 Although there is no direct evidence that MCP-1 can inactivate GSK-3β via ERK1/2, we hypothesize that MCP-1 can inhibit GSK-3β and activate Snail via the MEK/ERK signaling pathway. To further verify this hypothesis, the cells were pretreated with U0126, a MEK inhibitor. It was found that the MCP-1-induced GSK-3β phosphorylation was abolished by the MEK inhibitor, implying that MEK/ERK signaling is required for the MCP-1-induced inactivation of GSK-3β. In addition, the inhibition of GSK-3β by LiCl significantly promoted the expression of fibronectin, vimentin and Snail and inhibited E-cadherin expression in the MCF-7 cells. However, the inhibition of PI3K/AKT signaling with LY294002 reversed these MCP-1-induced alterations in gene expression. Collectively, our data suggest that ERK/GSK-3β signaling is critical for MCP-1-induced EMT in human breast carcinoma MCF-7 cells. In summary, we demonstrated that MCP-1 could induce EMT of MCF-7 cells. MCP-1 also mediated cell migration and invasion by activating the MEK/ERK pathways and inactivating GSK-3β signaling, leading to increased expression and nuclear retention of Snail (Figure 11 ). Our findings suggested that MCP-1 might be responsible for the upregulation of Snail by activating ERK signaling and thereby repressing GSK-3β. In addition, the MCP-1-induced Snail upregulation might be mediated by a post-transcriptional mechanism. The specific inhibitors RS102895 and U0126 reversed the EMT and decreased the invasiveness of MCF-7 cells by downregulating the expression of MMPs and the secretion of VEGF. These data support the hypotheses that MCP-1 is associated with the acquisition of an aggressive phenotype in breast cancer MCF-7 cells and that inhibiting MCP-1 signaling may be a potential therapeutic strategy for breast cancer. Activated ERK leads to the inactivation of GSK-3β by phosphorylation of the Ser9 active site, which leads to the disassociation of Snail from GSK-3β. Snail then translocates to the nucleus where it functions as a transcription factor to regulate FN, Vim and E-cad to initiate EMT or VEGF, MMP-2 and MMP-9 to promote cell migration and invasion.
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